I. INTRODUCTION
N ORMAL-MODE helical antennas [1] , [2] are frequently used in mobile communications. They have the characteristics of small size and easy to manufacture. They are the frequent substitutes for monopole antennas, which are much larger in size. Previously, normal-mode helical antennas were almost all found in single-antenna uses. Recently, adaptive antenna arrays have been frequently proposed for use in mobile communication systems, especially at the base stations. One of the key functions of an adaptive antenna array that cannot be realized by a single antenna is its ability to steer reception nulls in the directions of interferences. However, considerations of using practical antenna arrays to realize this function are still not too common, except those found with simple antenna structures such as a dipole antenna array. Currently, interference suppressions in a mobile communication system are more feasible only at the base station in which the incoming directions of interferences fall in small angular ranges. In this paper, we study the use of a normal-mode helical antenna array for the adaptive nulling of interferences at the base station of a mobile communication system. A normal-mode helical antenna array not only is smaller in size than an equivalent monopole antenna array but also is less susceptible to the influence of the mutual coupling effect than a monopole antenna array. Mutual coupling is one of the critical problems that we encounter in any practical adaptive antenna array. This problem has been addressed on other occasions [3] - [8] .
In adaptive nulling, it has been shown [9] that the mutual coupling effect will significantly affect the depths and the accuracy of the positionings of the nulls toward the interferences. Mutual coupling is a general problem for all practical antenna arrays and affects almost all functions that the array is to perform. In [3] , the authors studied the effect of mutual coupling on the signal-to-(interference plus noise) ratio (SINR) on adaptive arrays by deriving the open-circuit voltages from the measured voltages on the antenna terminals. The open-circuit voltages are calculated by using the mutual impedances between the antenna elements. This can be termed the open-circuit voltage method. It is practicable and flexible in the sense that it requires only very few assumptions. It is also fast and especially suitable for small-to medium-size adaptive arrays. This method was later used in [4] to compensate for the mutual coupling effect of a dipole array used in direction finding. However, subsequent studies in [6] and [9] showed that the open-circuit voltage method fails to take into account the scattering effect due to the presence of other antenna elements in the array even when they are in the open-circuit state. (More recently, Hui [10] has shown that improvement in adaptive nulling can be obtained by taking this open-circuit scattering effect into account by redefining the mutual impedance.) In [6] , the authors tried to account for the mutual coupling effect by solving the entire electromagnetic boundary value problem of the antenna array, but this requires knowledge of the current distributions on the antenna elements, which is not available in real situations. In [9] , the principle of the operation of the method is basically the same as in [6] but the method itself requires the assumption of an equal incoming elevation angle of the signal and the interferences. This assumption is also not easy to meet in real situations. In view of these shortcomings, we propose a new method to compensate for the mutual coupling effect. Similar to the open-circuit voltage method, the new method needs only the measured voltages at the antenna terminals and the mutual impedances between the antenna elements. However, we define the mutual impedances differently from the conventional method. The calculation of the new mutual impedances takes into account the presence of other antenna elements and uses a more accurate current distribution. Unlike the open-circuit voltage method, which seeks to find the open-circuit voltages on the antenna terminals, the new method seeks to recover the signal voltages across the antenna terminal loads that are free from the mutual coupling effect. The new method does not require the known current distributions on the antenna elements as in [6] or a predetermined incoming elevation angle of the signal and the interferences as in [9] . Instead, it uses a single estimated current distribution for all the antenna elements. Using computer simulation, we show that the new method has a better performance than the open-circuit voltage method in compensating for the mutual coupling effect. Our study also reveals that under the influence of the mutual coupling effect, a normal-mode helical antenna array is able to generate deeper nulls than an equivalent monopole antenna array.
II. THEORY

A. The New Method to Reduce the Mutual Coupling Effect
Consider a linear helical antenna array with helical antennas shown in Fig. 1 employed for adaptive nulling of interferences. The helical antenna elements are of equal dimensions and made of thin wires. Each helix element has a diameter , a pitch angle , and a wire radius , and is right-handed with turns. Within the frequency range of interest, the helixes are all operating in the normal mode with , where is the circumference of the helix and is the wavelength. The helixes are fed peripherally by coaxial lines through a large ground plane. A straight wire segment of length and radius equal to that of the helical wire is used to connect the helixes to the central conductors of the coaxial lines. The coaxial apertures on the ground plane have an inner conductor radius and an outer conductor radius . As shown in Fig. 1 , the array is placed along the -axis with the feed point of the first element coincident with the coordinate origin. An equal spacing between the antenna elements is assumed, and the helixes are oriented with their axes parallel to the -axis. All helixes are connected to a same input impedance through the coaxial lines. The signal of interest (SOI) and all the interferences are coming from the upper half-space.
By using the standard moment-method analysis [11] , an electric field integral equation for the antenna array can be formulated by enforcing the boundary condition of the tangential component of the total electric field on the surfaces of the antenna wires. That is (1) where is the scattered electric field due to the induced electric currents along the antenna wires of the array and is the incident field due to the SOI and the interferences. The expression of can be cast by using the free-space dyadic Green's function [12] in the most general form as (2) where and denote, respectively, the length and the current on the th antenna element.
is the point at which the field is to be calculated and is the point where the current source is located. All fields and sources are assumed to vary harmonically with the time-dependent factor being suppressed throughout unless stated otherwise. By discretizing each wire antenna into segments and matching (1) using the Galerkin method [11] , a system of linear equations can be obtained in the following matrix form:
where the matrix blocks are, respectively
The elements in (4) (with , and , ) have the following general expression: (7) where and are, respectively, the coordinates along the th segment of the th antenna element and the th segment of the th antenna element; and and are the matching and expansion functions for the current distribution at the coordinates and , respectively. In (5) and (6), (respectively, ) denotes the expansion coefficient of the current (respectively, the voltage due to the incident field) on the th segment of the th antenna element. The superscript " " in (5) and (6) denotes the transpose operation on the respective row vector. The elements of the voltage vector in (6) are calculated by the following expression: (8) From (3), we see that the existence of the mutual coupling effect is due to the off-diagonal matrix blocks, i.e., with . If the current distributions on the antenna elements, , are exactly known, the mutual coupling effect can be exactly quantified and removed. For example, if we want to eliminate the mutual coupling effect due to all other antenna elements on the th antenna element, then we can rewrite the th row of (3) as (9) We see that the left-hand side of (9) is exactly the system of equation resulted from the moment-method analysis for the th antenna element as if it were standing alone without the presence of all other antenna elements. However, on the right-hand side, we have two excitation sources now: the voltage due to the incident field on the th antenna element , which we want to find, and the voltage due to the current distributions on the other antenna elements , which we want to eliminate. By the principle of superposition, the effects on the th antenna element due to these two excitation sources are independent, meaning that the field generated by any one of these two excitation sources satisfies the boundary conditions alone and hence can exist independent of the field generated by the other source. Thus if the currents on the antenna elements are completely and exactly known, we can find and and then from (9) obtain , which is completely free of any mutual coupling effect.
The problem now is that we can measure the terminal voltages or currents on the antenna terminal loads only. We do not have the knowledge of the distributions of the currents or voltages on every point of the antennas. That is, at most we can only measure one element (the first one) of the current or voltage vectors in (5) or (6) . To solve this problem, we make a "single mode" approximation. That is, we treat the antenna elements in the array as consisting of one segment only. Furthermore, we use the terminal currents and voltages on the antenna elements to describe the antenna array as an -port network. By doing so, (3) is reduced to the following system:
in which the matrix blocks are replaced by the respective terminal quantities and subscript " " is added to signify these quantities being referred to the antenna terminals. Now, equivalent to (9), we have
The measurable quantities in (11) are the terminal currents . We can remove the voltage dropped on the self-impedance of the th antenna element from the left-hand side of (11) while also removing that part of the coupling voltages and that part of the incident voltage that cause this voltage drop on the self-impedance from the right-hand side of (11) . That is, we obtain (after rearranging) (12) where is the total coupling voltage across the terminal load of the th antenna element due to the current distributions on the other antenna elements and is the coupling-free voltage across the terminal load of the th antenna element due to the incident field alone. Hence the objective now is to find the voltage from the measured voltage . From (12) , it is even not necessary to know the self-impedance of the antenna elements. Note that the mutual impedance in (12) is defined differently from the conventional definition in (11) in that the mutual impedance is now defined with the antenna elements connected to their respective terminal loads rather than open-circuited. For example, the mutual impedance in (12) is equal to the voltage induced across the terminal load of the th antenna element by a unit current on the terminal of the th antenna element (with its current distribution being excited by the incident field and the fields scattered from all the other antenna elements). We see that the mutual impedances so defined have already taken into account the presence of other antenna elements. This is because the current distributions [whose terminal values are those currents in (12)] used to calculate the mutual impedances produce a total electric field that satisfies the boundary condition on all the antenna wire surfaces. Hence in the calculation of the mutual impedances , we have to use the actual measured current distribution on the th antenna element, i.e., a current distribution that is excited by the incoming SOI and the interferences and that produces an electric field satisfying the boundary condition on all the antenna wire surfaces. If we calculate all the mutual impedances in this way, then we can obtain the voltages on the antenna terminals with the mutual coupling effect completely removed.
The accuracy of this method depends on the accuracy of the calculation of the mutual impedances , which in turn depends on how well we know the current distributions on the antenna elements. As mentioned before, it is impossible to know the current distributions on the antenna elements but only their terminal values on the antenna loads. To solve this problem, we can use an estimated current distribution on the antenna elements. But in this case, the mutual coupling effect can only be reduced by a certain amount but not completely. For a small antenna such as a normal-helical antenna, the current distribution is rather stable in the sense that its shape and its phase are relatively unchanged irrespective to the incoming azimuth angle of the incident field if the incident field comes from the horizontal direction. Hence a reasonably accurate estimate of the current distributions on the antenna elements can be obtained by exciting a single helical antenna with an incoming plane wave from the horizontal direction and taking the current distribution (after being normalized by the value at the antenna terminal) as the estimated current distribution. An example of such a current distribution is shown in Fig. 2 . The dimensions of the helical antenna are , mm, , mm, mm, , and . The helix is right-handed, peripherally fed, and connected to a terminal load of . The frequency is at 2.4 GHz. Note that both the relative magnitudes and the phases of the current at different points of the antenna are important in the calculation of the mutual impedances. This current distribution is used to calculate the mutual impedances for all the numerical examples in the next section. Note that the mutual impedances need to be calculated only once if there is no change to the configuration of the array.
The proposed method for reducing the mutual coupling effect actually abandons the open-circuit voltages as derived in [3] . Instead, it seeks to find the voltages across the antenna terminal loads that are free from the coupling effect from other antenna elements. The problem with the open-circuit-voltage method is that, in the calculation of the mutual impedances, it uses a current distribution with no reference to the actual signal environment. The second problem is that, as pointed out in [9] , the scattering effect from the open-circuited antenna elements cannot be ignored in the calculation of the mutual impedances. As shown by the computer simulation examples in next section, the method described in this paper has a significantly better performance over the open-circuit voltage method.
B. The Direct Data Domain Adaptive Algorithm
The effect of compensation for the mutual coupling effect on the adaptive nulling of interferences is demonstrated by using the direct data domain adaptive algorithm, which was proposed by Sarkar and Sangruji [14] , [15] as an alternative deterministic approach to the conventional statistical approaches. This algorithm is simple to both understand and implement. It is a deterministic method that updates the adaptive weights using the receiving data in a single snapshot, i.e., it does not involve the taking of time averages of the receiving data. In this way, this algorithm claims to be able to suppress even blinking jammers [15] . A very brief introduction of this algorithm is given below. Consider a linear array of isotropic point signal sensors as shown in Fig. 3 . The signal sensors are aligned along the -axis with intersensor distance . This array is used to receive an SOI and at the same time null the interferences. Assume that the number of interferences is . At time , the incident angles of the SOI are denoted by and and the amplitude by . The incident angles of the interferences are denoted, respectively, by and and their amplitudes, respectively, by and . With the assumption of ideal signal sensors (i.e., with no mutual coupling effect), the complex voltage received by the th sensor at the th instance is (13) where is the voltage gain of the sensors, , and are the magnitudes of the complex amplitudes . Noise is ignored in this paper in order to simplify the analysis. (Actually the same method of analysis applies to noise as well.) By using the received voltages , the following matrix is formed at instant (with the variable dropped):
where , , are the adaptive complex weights at instant , and is the gain (in the direction of the SOI) of the subarray consisting of the first elements. It can be noted [by considering (13) ] that every element (except those in the first row) in the coefficient Table I. matrix of (14) contains no signal voltage (i.e., the signal voltage is exactly canceled by the subtraction). Thus by solving (14) , the adaptive complex weights null the interferences in a least squared sense. The SOI at instant can be recovered by SOI
III. COMPUTER SIMULATIONS AND DISCUSSIONS
To demonstrate the performance of the normal-mode helical antenna array and the new method for compensation of the mutual coupling effect, computer simulations are carried out with an array of seven antenna elements. The antenna elements are the same as the helical antenna studied in Fig. 2 . The signal environment consists of a SOI and three interferences. A frequency of 2.4 GHz is assumed for the SOI and all the interferences. The measured voltages on the antenna terminals are obtained by the moment method. These voltages are then compensated for the mutual coupling effect by using the method described in Section II. The compensated voltages are then passed to the direct data domain adaptive algorithm to form nulls toward the interferences and recover the SOI. The direct data domain adaptive algorithm requires only the direction of arrival of the SOI. Hence in our simulations, we treat this as the only known information. The performance of the helical antenna array will also be compared with that of a monopole antenna array that has the same configuration as the helical antenna array.
A. Comparison of the New Method With the Open-Circuit Voltage Method for the Compensation of the Mutual Coupling Effect
In the first example, the signal environment is shown in Table I . The SOI is coming from the direction of , and the three interferences are coming from the directions of , , and , respectively. The elevation angles are all 90 . The adaptive radiation patterns are shown in Fig. 4 . We observe that after using the new method to compensate for the mutual coupling effect, the depths of the Fig. 6 . The normalized adaptive radiation patterns generated by the normal-mode helical antenna array and an equivalent monopole antenna array with two interferences not coming from the horizontal direction. The signal environment is shown in Table III. the new method has a greater ability to remove the mutual coupling effect than the open-circuit voltage method. We can further observe from Fig. 4 that without compensating for the mutual coupling effect, no null can be formed at , while the null at is misplaced and shallow. The ideal adaptive radiation pattern for this case is shown in the inset in Fig. 4 . This is obtained by the array as if each element were receiving without any mutual coupling effect from the other elements in the array. In Table II , the mutual impedances of the helical antenna elements calculated by the new method are tabulated and compared with the mutual impedances calculated by the conventional method [13] . We can see that they are very different, especially the imaginary parts.
B. Comparison of the Helical Antenna Array With a Monopole Antenna Array
In this example, the signal environment is THE same as that for the first one (Table I) . We use both helical and monopole antenna arrays to receive the SOI and null the interferences. The monopole antenna array has the same configuration as the helical antenna array except that its elements are monopoles with a wire length equal to that of the helical antennas (i.e., the monopole wire length is THE same as the helical wire length as if the latter were straightened). The self-input impedance of the monopole is calculated to be 93.7 108 at 2.4 GHz. The new method of compensation for the mutual coupling effect is used for both arrays. The results are shown in Fig. 5 . The radiation patterns have been normalized by their respective maximum values. We see that the nulls generated by the helical antenna array are much deeper than those generated by the monopole antenna array. At , the null generated by the helical antenna array is about 27 dB deeper than that generated by the monopole antenna array.
Interferences may not always come exactly from the horizontal direction . In the third example, we allow the interferences to come from small deviations from the horizontal direction. The signal environment is shown in Table III . Interferences #2 and #3 are coming from elevation angles 85 and 80 , respectively. The normalized adaptive radiation patterns are shown in Fig. 6 . We see that the nulls generated by the helical antenna array are still much deeper than those generated by the monopole antenna array in this case, except that we further observe that there are errors in the angular positions of the nulls due to the changes in the elevation angles from the horizontal direction . The error for the null at interference #2 (with an elevation angle 85 ) is 0.3 ; and the error for the null at interference #3 (with an elevation angle 80 ) is 1.5 . These errors are same for both helical and monopole antenna arrays. The reason for these errors is a change in the shape of the current distributions on the antenna elements from that of the estimated current distribution (Fig. 2) used for the calculations of the mutual impedances. The estimated current distribution assumes a horizontal incident angle. From these two examples, we see that the helical antenna array has a better performance than the monopole antenna array for the adaptive nulling of interferences in the presence of mutual coupling effect. An explanation for this is that mutual coupling between two normal-mode helical antennas is smaller than that between two monopole antennas with a same wire length as the helical antennas.
C. Performance in Case of an Increasing-Strength Interference
In this last example, we investigate the performance of the new method for compensation of the mutual coupling effect together with the helical antenna array in the presence of an increasing-strength interference. The signal environment is the same as in Table I except that the amplitude of interference #3 is increased from 0.3 to 1000 V/m, a more than 70-dB increase. The result is shown in Fig. 7 . We observe that, by using the new method for compensation of the mutual coupling effect, both the recovered signal and the null depth at interference #3 are relatively constant over the range of interference strength up to 300 V/m. However, when using the open-circuit voltages or the uncompensated voltages, both the recovered signals and the null depths change rather significantly over this range, especially the recovered signals. Furthermore, by using the new compensation method, the null depth is much deeper than those obtained by using the open-circuit voltages or the uncompensated voltages. Hence we see that the new method proposed for the compensation of the mutual coupling effect is also more robust and has a better performance in the suppression of a strong interference.
IV. CONCLUSION
A practical normal-mode helical antenna array is proposed together with a new method for the compensation of the mutual coupling effect in adaptive nulling of interferences at the base station in a mobile communication system. The helical antenna array is shown to have a better performance than an equivalent monopole antenna array in the presence of mutual coupling effect. It is smaller in size and less susceptible to the mutual coupling effect than a monopole antenna array. The new compensation method is shown to have a greater ability and flexibility than previous methods in removing the mutual coupling effect. The new method introduces a new definition of mutual impedance and uses it to find the coupling-free signal voltages across the antenna terminal loads. Results show that the new method works well even under the influence of strong interference.
